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ABSTRACT
We report results from a systematic study of the spectral energy distribution
(SED) of XTE J1550–564 and its evolution during outbursts. The work is part
of an on-going effort to understand the SED of microquasars in general. The
main objectives include: 1) assessing the roles of jets and accretion flows; 2)
re-examining spectral states, state transitions, and spectral hysteresis; and 3)
disentangling variabilities associated with the jets and accretion flows and quan-
tifying the coupling between the two. XTE J1550–564 is the first microquasar
to have its jets directly imaged at X-ray energies. We began by applying a syn-
chrotron model to the broadband SED of the western “blob” (in the jets) that
was seen in 2002, to constrain the spectral energy distribution of radiating elec-
trons in the “blob”. Assuming that the electron distribution is the same for all
“blobs” in the jets, we then applied the model to the overall radio spectrum of the
source and extrapolated the best fits to higher frequencies. In spite of significant
degeneracy in the fits, it seems clear that the synchrotron radiation from the jet
contributes little to the observed X-ray emission, when the source is relatively
bright. Assuming that the X-ray emission originated mostly from the accretion
flows, we took an empirical approach to model the X-ray spectrum and study
its evolution. From the compilation of the SEDs of XTE J1550–564 during vari-
ous outbursts in 1998–2000, we found it straightforward to define spectral states
based on the shape of SEDs and visualize transitions between various states thus
defined. There is evidence for spectral hysteresis associated with the rise and
fall of the 2000 outburst. Comparing outbursts of varying magnitude, we can
also see that a specific state transition may occur at different fluxes. We also
examined correlation between the X-ray and radio fluxes of the source. While a
rough correlation seems to be present, it is a fairly loose one. The implication of
the results is discussed.
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1. Introduction
There is growing evidence that the central engine of microquasars is qualitatively sim-
ilar to that of active galactic nuclei (AGN) or gamma-ray bursts (GRBs) (Mirabel 2004).
Collectively, these systems provide an excellent laboratory for studying particle acceleration
in the jets of black holes over a vast range of physical scales (Cui 2006). As has been well
demonstrated in the study of AGN and GRBs, modeling the broadband spectral energy
distribution (SED) of microquasars should be a very effective way to cast light on radiation
mechanisms and thus on the nature of the central engine. Unlike the cases of AGN and
GRBs, however, the availability of such data is highly limited for microquasars, due to the
combination of the transient nature of most such sources and the rarity of their outbursting
activities (during which they can usually be seen). In spite of the difficulty, much has been
learned from a few studies that have been carried out (e.g., Ueda et al. 2002; Hynes et al.
2002; Fuchs et al. 2003; Chaty et al. 2003; Yuan et al. 2005).
The broadband SED of microquasars is usually composed of several distinct components.
Very roughly, at radio frequencies, the spectrum can be described by a power law, which may
have either positive or negative frequency dependence. The emission is generally thought
to be synchrotron radiation from relativistic electrons in the jets, which may be optically
thin or thick to synchrotron self-absorption. Such a synchrotron spectrum could extend up
to infrared/optical frequencies in some cases (Chaty et al. 2003). From optical to soft X-
ray wavelengths, the spectrum takes on a blackbody-like shape, which is usually viewed as
the signature of an optically thick, geometrically thin accretion disk. It is seen to peak at
different wavelengths for different sources or even for a given source at different fluxes; the
latter has been interpreted as being related to the movement of the inner edge of the disk
(e.g., Esin et al. 1997). From hard X-ray to soft gamma-ray wavelengths, the spectrum can,
once again, be roughly described by a power law, which is cut off at high energies under
certain circumstances. It is generally modeled as Compton upscattering of soft photons by
energetic electrons in an optically-thin configuration.
The physical origin of Comptonizing electrons is still not entirely clear. They may be
thermal electrons associated with advection dominated accretion flows (ADAF; see, e.g.,
Narayan et al. 1998) or magnetic flares (e.g., Poutanen & Fabian 1999) above the thin disk.
Over the years, intense efforts have been made to fit the X-ray spectrum of microquasars in
the so-called low-hard state with models that include optically-thick emission from the thin
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disk and a Comptonized emission from some “corona”. The most successful and physically
self-consistent models all seem to prefer a geometry that consists of an inner (roughly) spher-
ical corona plus an outer thin disk (e.g. Dove et al. 1997; Esin et al. 1997). Alternatively,
the Comptonizing electrons may be non-thermal in nature (e.g., Titarchuk & Shrader 2002;
Zdziarski et al. 2001). This is thought to be particularly relevant to the so-called high-soft
state of microquasars (Grove et al. 1998). A promising place to accelerate electrons to the
required energies is the jets, as in the case of AGN and GRBs, although the electrons could
also be associated with the accretion flows. The broadband SED has proven to be a valuable
tool for assessing the roles of jets and accretion flows in microquasars, as well as the coupling
between the two (Yuan et al. 2005).
In this work, we focus on a microquasar, XTE J1550–564, that has been the subject of
several multiwavelength campaigns, thanks to its frequent outbursting activities. From the
archival data and published results in the literatures, we were able to put together a collection
of broadband SEDs on the source. Moreover, XTE J1550–564 is the first microquasar that
has its jets directly imaged at both radio and X-ray frequencies (Corbel et al. 2002), so
broadband SEDs of the jets also exist. Such data allow us to assess the contribution of jets
to the overall SED in a model independent manner. Modeling the jet SED helps constrain
the properties of radiating electrons and thus reduce degeneracy in the modeling of the
overall SED of the source.
2. Jet Emission
From the radio and X-ray images of the jets in XTE J1550–564, Corbel et al. (2002)
constructed a broadband spectrum of the western “blob” (in the jet) that was observed in
2002. They showed that the spectrum could be fit with a single power law over a span of
roughly 9 orders of magnitude in photon frequency, which strongly argues for a synchrotron
origin of the emission from the jets. However, the X-ray spectrum was compacted into a
single data point in their work. Here, we re-analyzed the Chandra data and used the entire
X-ray spectrum of the western “blob” for subsequent modeling.
2.1. Chandra Data
XTE J1550–564 was observed on 2002 March 11 with the Advanced CCD Imaging Spec-
trometer spectroscopy array (ACIS-S) on board the Chandra X-ray Observatory. The data
were taken in a 1/4 subarray mode but with only the S3 chip being read out to minimize pile-
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up. The data were reduced with the Chandra Interactive Analysis of Observations (CIAO)
software package (version 3.3) and the associated CALDB (version 3.2.0). We followed the
the customary event processing and filtering procedures1, to generate a new Level 2 event
file from the Level 1 files. The effective exposure time is about 26 ks. We made an image
from the Level 2 event file and compared it with that in Corbel et al. (2002) for the same
region. The agreement is excellent.
We proceeded to extract the spectrum of the western “blob”. The source region used
is a circle of ∼3.7′′ in radius that is centered on the “blob”, while the background region
is an annulus just outside the source region, with an outer radius of ∼16′′. We extracted
the source and background PI spectra from the Level 2 event file with the specextract script,
which also produced the corresponding ARF and RMF files. We modeled the spectrum in
XSPEC v12.2.0ba (Arnaud 1996). Fixing the hydrogen column density at the Galactic value
(NH = 8.97 × 1021 cm−2; Dickey & Lockman 1990), we found that the spectrum could be
described well by a single power law. The best-fit photon index is 1.8± 0.2 (with the error
bars indicating 90% confidence limits), which agrees with Kaaret et al. (2003). To derive
the intrinsic SED of the western “blob”, we de-absorbed the raw count spectrum, using the
interstellar photoelectric absorption cross sections of Morrison & McCammon (1983), and
unfolded it.
2.2. Modeling and Results
The X-ray SED of the western “blob” is shown in Fig. 1, along with radio measurements
taken with the the Australia Telescope Compact Array (Corbel et al. 2002). One important
caveat is that the radio and X-ray measurements were not made simultaneously. In fact,
they were made five days apart! This is relevant because the jet emission may be variable
on a timescale of days. With this caveat in mind, we proceeded with the assumption that
the western “blob” did not vary appreciably at radio and X-ray frequencies.
We applied a homogeneous synchrotron model (Xue et al. 2006) to the SED of the
western “blob”. Briefly, the model computes the SED of synchrotron radiation from electrons
that are uniformly distributed in the “blob”. The energy spectrum of the electrons is assumed
to be of power-law shape,
n(γ)dγ = N0γ
−pdγ, γmin ≤ γ ≤ γmax (1)
and the magnetic field is assumed to be uniform throughout the “blob”.
1see the science threads for CIAO 3.3 at http://cxc.harvard.edu/ciao/threads/index.html
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If the Doppler factor of the “blob” is δ, the observed spectrum is then
Fobs(ν
obs) = δ3 Fν(ν
obs/δ). (5)
There are many parameters in the model. From the X-ray image, we derived the di-
ameter of the western “blob” to be roughly 3′′ (though it is not exactly of spherical shape).
Adopting the distance of d = 5.3 kpc (Orosz et al. 2002), we have r ∼ 1× 1017 cm. Corbel
et al. (2002) estimated the apparent velocities of both eastern and western “blobs”, roughly
1.0 and 0.6 c, respectively. Assuming that the “blobs” were ejected directly opposite to each
other with the same velocity, we found that the actual velocity was about 0.8 c and the incli-
nation angle of the jet (with respect to the line of sight) about 72◦. The latter is compatible
with the optical measurements (Orosz et al. 2002). Therefore, the Doppler factors of the
eastern and western “blobs” are roughly 0.8 and 0.5, respectively. It should be noted that
the velocity of the “blobs” is thought to be much larger early on (Hannikainen et al. 2001b).
For subsequent modeling, we fixed the Doppler factor of the western “blob” at δ = 0.5.
Moreover, we fixed γmin at 10, which is sufficiently low as not to affect the conclusions. The
remaining parameters are: p, γmax, Etot, and B.
We carried out a grid search to find statistically acceptable solutions. A solution is




2/ν, where ν is the degree of freedom of the fit. Note that a χ2 distribution
can be approximated by a normal distribution with mean of ν and standard deviation of√
2ν, when ν is sufficiently large. Here, we have ν = 37. The ranges of the parameters




in 10−6–1018 cm−3. Linear steps were used for p, with ∆p = 0.01, but logarithmic steps for
B, γmax, and Etot, with 10 points per decade. We posed a further constraint on the ratio
of magnetic energy density to electron energy density: 10−5Etot ≤ B2/8pi ≤ Etot, which is
typically seen in GRB studies (Wang et al. 2003 and references therein).
In spite of significant degeneracy in the fits, we found that p is well constrained in the
range of 2.28–2.32, while other parameters are much less so, B in the range of 0.001–0.050
G, γmax & 1.26× 107, and Etot/mec2 in the range of 20–32000 cm−3. Representative fits are
shown in Fig. 1. Note that the spectral roll-over at X-ray energies (as shown in solid line)
is barely consistent with the data. The best-fit p is 2.315, which is in good agreement with
Corbel et al. (2002).
3. Total Emission
3.1. Spectral Energy Distribution
3.1.1. X-ray Data
XTE J1550–564 were observed intensively with RXTE during its outbursts in 1998–
2000. We obtained the RXTE data from archival databases. Fig. 2 shows the long-term
ASM light curve of the source, as well as the times of the pointed observations (with the
PCA and HEXTE detectors) that are included in this work. Here, we are only interested
in X-ray observations with simultaneous/contemporaneous coverages at IR/optical and/or
radio frequencies. Moreover, we adopted the strategy of adaptive sampling: more observa-
tions during times of significant spectral variability (e.g., the rising phase of the 1998/1999
outburst; Cui et al. 1999) and less when the spectral variability of the source is less pro-
nounced (e.g., the latter portion of the 1998/1999 outburst), based on the work of Sobczak
et al. (2000).
The PCA detector consists of five nearly identical proportional counter units (PCUs),
covering a nominal energy range of 2–60 keV, and the HEXTE detector consists of two
clusters of phoswich scintillators, covering a nominal energy range of 15–250 keV. Data
analysis is slightly complicated by the fact that not all PCUs are used during all observations
and that PCU 0 lost its front veto layer in 2000 May and the data from it are thus prone to
contamination by events caused by low-energy electrons entering the detector. For this work,
we chose PCU 2 (which was always on) as the “standard” detector for flux normalization,
as well as for joint spectral analysis with the PCA and HEXTE data.
We followed our usual procedure to reduce and analyze the PCA data (e.g., Cui 2004;
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Xue & Cui 2005). Briefly, the data were reduced with FTOOLS 5.2. For an observation,
we first filtered data by following the standard procedure for bright sources2, which re-
sulted in a list of good time intervals (GTIs). We then simulated background events for
the observation with the latest background model that is appropriate for bright sources
(pca bkgd cmbrightvle eMv20030330.mdl). Using the GTIs, we then produced a spectrum
for each PCU by using data (taken in the Standard2 mode) from only the first xenon layer.
We repeated the steps to derive a corresponding background spectrum for the PCU from
the simulated events. We derived the HEXTE spectra from the default-mode data. The
HEXTE background subtraction is more straightforward, thanks to its ON/OFF observing
mode. Dead-time correction was applied to the HEXTE data.
For each RXTE observation, we jointly fitted the PCU and HEXTE spectra with a
model that consists of a multi-color disk (“diskbb” in XSPEC), a Gaussian, and a power
law with high-energy cut-off. The hydrogen column density was fixed at 8.97×1021 cm−2
(Dickey & Lockman 1990). We also introduced an additional multiplicative factor to take
into account any uncalibrated difference in the overall throughput of the PCUs and the
uncertainties in the PCA-HEXTE cross calibration, all with reference to PCU 2 (i.e., the
factor was fixed at unity for PCU 2). We limited the PCA data to 3–30 keV and the HEXTE
data to 15–200 keV and added 1% systematic uncertainty to the data. The empirical model
describes the data well in all cases. We should, however, emphasize that it is not a main
objective of this work to carry out sophisticated spectral analysis. Instead, we only used the
best-fit model to unfold each observed (count) spectrum, in order to derive the corresponding
photon spectrum for further analysis. To produce the final SEDs, we only used data from
PCU 2 and one of the HEXTE clusters (Cluster A).
3.1.2. Infrared and Optical Data
During the major outbursts of XTE J1550–564, the source was also intensely followed
up at infrared and optical frequencies. For the 1998/1999 outburst, we obtained B-, V -, and
I-band data mainly from Jain et al. (1999, 2001a), which were taken with the Yale 1 m
telescope at the Cerro Tololo Inter-American Observatory. Additional data in the U , V , and
i bands came from Sa´nchez-Ferna´ndez et al. (1999), taken with the 0.9 m Dutch telescope
at the European Southern Observatory. For the 2000 outburst, we obtained the H-, I-, and
V -band data from Jain et al. (2001b), again taken with the Yale 1 m telescope.
Unfortunately, interstellar extinction is not well determined for XTE J1550–564, which
2see the RXTE Cook Book at http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook book.html.
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adds uncertainty to the derivation of optical SEDs. For this work, we used results from two
sets of measurements: AV = 2.2 (Sa´nchez-Ferna´ndez et al. 1999) and AV = 4.75 (Orosz
et al. 2002), to deredden the optical spectra. Both sets of extinction-corrected fluxes are
always shown to highlight observational uncertainties.
3.1.3. Radio Data
XTE J1550–564 was not covered nearly as well at radio frequencies. We have neverthe-
less found a few observations that were made either simultaneously with or within hours of
those at higher frequencies. For the 1998/1999 outburst, we took measurements at 843 MHz
from Wu et al. (2002), taken with the Molonglo Observatory Synthesis Telescope (MOST),
those at 4.8 and 8.6 GHz from Hannikainen et al. (2001a), taken with the Australia Telescope
Compact Array (ATCA), and those at 2.29 GHz from Hannikainen et al. (2001b), taken
with the Australian Long Baseline Array (ALBA). Note that the VLBI/ALBA observations
were the first to resolve both the eastern and western “blobs” in the jets and also to reveal
superluminal motion of the eastern “blob” (with apparent speed greater than 2 c). For the
2000 outburst, we obtained data from Corbel et al. (2001), taken with ATCA at 1384, 2496,
4800 and 8640 MHz.
3.2. Jet Contribution
Figure 3 shows a broadband SED of XTE J1550–564. It is generally thought that radio
emission from microquasars is due entirely to the jets. A natural question is then how
much the jets contribute to emission at higher frequencies. The answer is invariably model-
dependent due to the lack of detailed understanding of the formation of the jets and of the
coupling between the jets and accretion flows. Here, we attempted to address the issue by
applying the synchrotron model to the radio data, as in § 2.2, and extrapolating the best-fit
model to higher frequencies.
For XTE J1550–564, there is suggestive evidence that the synchrotron-emitting electrons
follow the same spectral energy distribution for both the eastern and western “blobs” in the
jets (Tomsick et al. 2003; Kaaret et al. 2003). Assuming that this is the case for all jet
“blobs”, we fixed p=2.32 and γmax = 5.0 × 108, based on a solution for the 2002 western
“blob” (as shown in dashed line in Fig. 1). We also fixed the Doppler factor at δ = 0.5
and the radius of the emitting region at r = 1 × 1010 cm. We adopted a much smaller
radius because the emission from the jets is likely dominated by optically-thick synchrotron
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emission from unresolved components at the core (i.e., close to the black hole). Note that
r = 1 × 1010 cm is roughly 3000 Schwarzschild radii for a 10 M⊙ black hole. The only
remaining free parameters are B and Etot.
Representative solutions are shown in Fig. 3, as well as their extrapolation to higher fre-
quencies. We note that no solutions were found under the condition of equipartition between
the electrons and the magnetic field. One thing that seems clear is that the synchrotron ra-
diation from the jets contributes little to the observed optical and X-ray emission, at least in
this particular case (when the source was relatively bright during the 2000 outburst). This
conclusion does not appear to be sensitive to the adopted values of p and γmax, because we
also experimented with other values. Moreover, it seems to be supported by direct observa-
tions of the jets in XTE J1550–564. Adding up the fluxes of the resolved “blobs” (only the
eastern “blob” really, as the western “blob” was never positively detected during the 2000
outburst; Tomsick et al. 2003), we found that the “blobs” could only account for ∼ 0.2%
of the total emission. This is, of course, only a lower limit on the total contribution of the
jets, since there may be unresolved “blobs” at the core. On the other hand, in cases where
the source was faint (near quiescence), the observed “blobs” could already account roughly
for 1/4 to 1/3 of the total emission (Tomsick et al. 2003). These results lend support to
the suggestion that the synchrotron radiation from the jets contributes little to the observed
X-ray emission from a microquasar, when it is relatively bright (presumably at relatively
high mass accretion rates), but begins to dominate as the source approaches the quiescent
state (Yuan & Cui 2005).
Unfortunately, there was no Chandra observation of XTE J1550–564 taken at the same
time as the RXTE observation shown in Fig. 3. The closest Chandra observation was taken
about 8 days later (on 2000 June 9), when only the eastern “blob” was seen (Corbel et al.
2002; Tomsick et al. 2003). For comparison, we plotted in Fig. 3 the (unabsorbed) X-ray










where fph is the photon spectrum of the source. Again, this represents a lower limit on
the jet contribution to the overall SED. However, the source may have varied between the
RXTE and Chandra observations. To assess the level of variability, we found another RXTE
observation taken only about one day after the Chandra observation. The X-ray SED from
that RXTE observation is also shown in Fig. 3. Clearly, the overal flux of the source dropped
by a factor of several between the two RXTE observations. Therefore, the lower limit on the
flux of the jets (as shown in Fig. 3) may be correspondingly higher.
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3.3. Spectral Evolution
The spectral evolution of microquasars is often described empirically in terms of tran-
sitions between discrete spectral states. The states are meant to represent stable physical
configurations that are seemingly common among microquasars. However, their definitions
have become increasingly confusing. The degree of arbitrariness in defining the states has
made the discussion and comparison of observational results difficult.
Early studies of Cyg X-1 led to the adoption of “low state” and “high state”, based on
soft X-ray (. 10 keV) fluxes (see review by Tanaka & Lewin 1995). It was subsequently
realized that the use of such terminology would be confusing, because, at higher energies
(roughly between 20 and 100 keV), the X-ray flux of Cyg X-1 is higher in the low state and
lower in the high state (e.g., Zhang et al. 1997). This led to the introduction of “hard state”
and “soft state”, which are thought to describe the phenomenology more accurately. In
recent literatures, “low-hard state” (LHS) and “high-soft state” (HSS) are more commonly
seen. However, even those terms are confusing at soft gamma-ray energies (& 100 keV),
because the spectrum of, e.g., Cyg X-1, is actually harder in the soft state and softer in the
hard state (McConnell et al. 2002; see also Grove et al. 1998). The confusion is worsened
by the use of such additional terms as “very high state”, which is well motivated initially
(Tanaka & Lewin 1995 and references therein) but the terms have become increasingly poorly
defined.
The situation seems to be much simpler if one focuses on the shape of the overall SED
instead (Cui 2001). Observationally, the LHS corresponds to a SED that peaks at ∼ 100
keV, while the HSS corresponds to one that peaks at ∼ 1 keV. It seems more appropriate
to refer to them as the “high-peaked state” and “low-peaked state”, respectively, as in the
classification of blazars. From a more theoretical point of view, the LHS can be defined
as a physical configuration in which the X-ray spectrum is due entirely to Comptonized
emission (e.g., from hot accretion flows), while the HSS as one in which the X-ray spectrum
is due entirely to optically-thick emission (from cold accretion flows). As such, they would
correspond to the most diametrically opposed theoretical scenarios for microquasars. Strictly
speaking, therefore, one is likely to observe a source only in a quasi LHS or HSS state.
During a transition between the two states, the source is expected to display “intermediate”
properties that one often observes in the “intermediate state” or “very high state”. For
transient microquasars, it is also necessary to introduce the “quiescent state”, which may or
may not be a simple extension of the LHS toward low fluxes.
Within the established context, we now discuss the observed spectral evolution of XTE
J1550–564 during outbursts in 1998–2000. We would like to look at the 2000 outburst first,
because the outburst has a relatively simple profile and it was well covered observationally
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both during its rising and decaying phases. Figure 4 shows a series of broadband SEDs of
XTE J1550–564 during the 2000 outburst, along with an overview of the outburst based on
the ASM data. The SEDs clearly show spectral softening and hardening of the source as the
outburst proceeds. More specifically, it is apparent that the source underwent an LHS-to-
HSS transition during the rising phase of the outburst and a HSS-to-LHS transition during
the decaying phase. To be more precise about the timing of the transitions, we selected a
representative series of SEDs for the rising and decaying phases, respectively, and zoomed
onto the X-ray portion of the SEDs, as shown in Fig. 5. Given that transition periods
are generally broad, it is not possible to pinpoint (or even define) exactly when a spectral
transition has occurred. What we can say is that the shape of the SED goes from being
high-peaked to low-peaked somewhere between observations 2000–06 and 2000–07 during
the rising phase and from being low-peaked to high-peaked between observations 2000–12
and 2000–13 during the decaying phase. Even with such a large uncertainty in the timing of
the transitions, we still see evidence for spectral hysteresis associated with the rise and fall
of the outburst, in the sense that the transitions seem to have occurred at different fluxes.
We repeated the analysis for the 1998/1999 outburst, which is much larger in its peak
magnitude. Figure 6 shows the broadband SEDs, along with separate ASM light curves
for the two “humps” (see Fig. 2). Spectral variability is obvious throughout the outburst.
It is interesting to notice that the source never seems to have reached the HSS during the
1998 sub-outburst (i.e., the first “hump” in the ASM light curve), judging from the shape
of the SEDs. Instead, the SED of the source evolved from a typical LHS shape to an
intermediate one that peaks at a significantly lower energy but without a dominant soft
component (which defines the HSS SED). The soft component eventually emerged during
the decaying phase of the sub-outburst (see Observation 1998–16 in Fig. 6, or more clearly in
Fig. 7). Spectral softening continued during the rising phase of the 1999 sub-outburst (i.e.,
the second “hump”). The source finally reached the HSS at the peak of the sub-outburst
(see, e.g., Observation 1999–01). During the decaying phase of the sub-outburst, the source
went through a HSS-to-LHS transition, similar to the 2000 outburst.
As in Fig. 5, we selected a representative series of SEDs, to highlight the rising and
decaying phases of each sub-outburst of the 1998/1999 outburst separately, and showed them
in Fig. 7. Various state transitions are more readily seen now. It is interesting to note that
the HSS-to-LHS transition during the decaying phase of the 1999 sub-outburst seems to have
occurred at lower fluxes than that in the 2000 outburst (comparing Fig. 5 and Fig. 7). The
SEDs also show that the HSS differs significantly from the “intermediate” period, in which
XTE J1550–564 spent a long time during the outburst, with the presence of a prominent
soft component, although the “intermediate” SEDs seem to bear more resemblance to the
HSS SED than the LHS SED, at least for XTE J1550–564.
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As for the origin of the X-ray emission during the outbursts, we speculate that it origi-
nates mostly from accretion flows, as for XTE J1118+480 (Yuan et al. 2005). Indeed, when
we followed the usual empirical approach of modeling the X-ray spectrum with a power law
(with a high-energy rollover for the LHS), which approximates an unsaturated Comptonized
spectrum, plus a multi-color disk component (when needed), we found that the model can
adequately fit the data. In principle, inverse Compton scattering could also take place in the
jets and the Comptonized photons could contribute to the observed hard X-ray emission.
However, we have shown in § 2.2 that the SED of the resolved jet component is very well
explained by synchrotron radiation (see also Corbel et al. 2002). Therefore, the effects of
inverse Compton scattering in the jets are probably negligible.
3.4. X-ray/Radio Correlation
Although the formation of jets is generally not understood at present, most proposed
models invoke a coupling between the jets and accretion flows. For microquasars, such a
coupling might manifest itself in a correlation between the radio and X-ray fluxes (Yuan
& Cui 2005). A “universal” radio/X-ray correlation has indeed been claimed for all micro-
quasars (Gallo et al. 2003), although the data shown are dominated by mainly one source
(GX 339-4; and, to a less extent, V404 Cyg) and the scatters are very significant, even on
logarithmic scales. While an radio/X-ray correlation may well exist for a microquasar, it
may not necessarily be exactly the same for all. The best way to separate personality from
universality is to carefully examine the correlation on a source by source basis. To this end,
we put together simultaneous/contemporaneous radio and X-ray measurements for XTE
J1550–564 (note again that the two sets of measurements may not always be simultaneous
but were taken within hours of each other).
Figure 8 plots radio flux measurements (FR), at 843, 4800, and 8640 MHz respectively,
against the 2–11 keV X-ray fluxes (FX). Note that the energy range for X-ray fluxes was
chosen to facilitate direct comparison with the published results (e.g., in Gallo et al. 2003).
Although the number of data points is quite limited, the data cover a dynamical range of over
two orders of magnitude both in radio and X-ray fluxes. At the first glance, a general positive
correlation is apparent. Following the literatures, we then fitted the data with a power law,
in the form of log10FR = klog10FX+b, separately for radio data at different frequencies. The
results are also shown in Fig. 8. The best-fit logarithmic slope (k) was found to be 1.45,
0.94, and 0.89 for radio measurements at 843, 4800, and 8640 MHz, respectively, all of which
differ from the “universal” value of 0.7 (Gallo et al. 2003). Moreover, none of the fits is
formally acceptable; large scatters are apparent.
– 13 –
Therefore, it seems premature to claim any sort of “universal radio/X-ray correlation”
for microquasars before the correlation can be established for a meaningful number of sources
individually. It is even more premature to then apply such a (at best) statistical correlation,
with large uncertainties both in the exponent and normalization of the power-law fit, to the
sources for which the correlation is not at all established and draw strong conclusions (Gallo
et al. 2006). We note that the “universal” correlation is often said to be applicable only to
the LHS. One could argue that the radio/X-ray data used here are mostly for transitional
periods between the LHS and the HSS, if one adopts the definitions in this work. Although
the radio emission is generally thought to originate in the jets, regardless of the states, the
coupling between the jets and accretion flows could be fundamentally different between the
transitional periods and the LHS, thus leading to different radio/X-ray correlations. Given
the degree of arbitrariness in defining the states in the literatures, however, we found it
difficult to sub-divide the available data for a more direct comparison. The lack of precise
simultaneity between the radio and X-ray measurements could also have some effects, though
it is often difficult to tell how simultaneous the measurements are for some of the published
results. A more careful examination of the issue is beyond the scope of this work.
4. Summary
We carried out a systematic study of the SED of XTE J1550–564 and its evolution
during outbursts in 1998–2000. The main conclusions are summarized as follows:
• Based on modeling the broadband SED of the resolved components of the jets in XTE
J1550–564, we argue in support of the synchrotron origin of the emission, from radio to
X-ray frequencies. The effects of Compton scattering in the jets seem to be negligible.
• Synchrotron radiation from the jets may account for 100% of the observed radio emis-
sion but most likely contributes little to the observed X-ray emission from XTE J1550–
564 in the LHS or HSS. Instead, we believe that the X-ray emission comes mostly from
the accretion flows. At optical frequencies, however, both the jets and accretion flows
may play an important role, as has been shown for XTE J1118+480 (Yuan et al.
2005). We have shown evidence that the jet contribution to the X-ray SED becomes
more dominant as the source is closer to the quiescent state.
• The SED of XTE J1550–564 shows significant evolution during the outbursts examined.
We found it straightforward (and less confusing) to define the LHS and HSS based on
the shape of the SED and to view the observed spectral evolution in terms of transitions
between the two states. We found evidence for spectral hysteresis associated with the
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LHS-to-HSS and HSS-to-LHS transitions during the rising and decaying phases of
the 2000 outburst. We also observed, by comparing the 1998/1999 outburst and the
2000 outburst, that a specific transition (e.g., HSS-to-LHS) may take place at different
fluxes.
• While there is a general positive correlation between the X-ray and radio fluxes, the
correlation is fairly a loose one. Fitting it with a power law yields different logarithmic
slopes for different radio frequencies.
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Fig. 1.— Spectral energy distribution of the western “blob” in the jets of XTE J1550–564.
The radio measurements were made with ATCA on 2002 March 6 (Corbel et al. 2002). The
X-ray measurements were made with Chandra on 2002 March 11. The solid and dashed lines
show representative solutions from the synchrotron model (see text): (p = 2.31, B = 0.016
G, γmax = 1.6× 107, Etot/mec2 = 25.1 cm−3) and (p = 2.32, B = 0.032 G, γmax = 5.0× 108,
Etot/mec
2 = 79.5 cm−3), respectively. Note that the latter is nearly indistinguishable from
the case of, e.g., (p = 2.32, B = 0.003 G, γmax = 3.2× 109, Etot/mec2 = 1.26× 104 cm−3).
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Fig. 2.— ASM/RXTE light curve of XTE J1550–564. Each data point represents a daily
weighted average of raw count rates in the summed band (1.5–12 keV). The times of the
pointed PCA/HEXTE observations included in this work are indicated with vertical lines at
the top.
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Fig. 3.— Spectral energy distribution of XTE J1550–564. The filled circles show simultane-
ous/contemporaneous data from radio, IR/optical, and X-ray measurements taken around
MJD 51696.47. Note that the two sets of filled circles at the IR/optical frequencies cor-
respond to extinction corrections with AV = 4.75 and AV = 2.2, respectively (see text).
The triangle shows the flux of the eastern “blob” in the jets on MJD 51704.54. The short-
dashed, solid, and long-dashed lines show plausible solutions of the synchrotron model:
(B = 1778.7 G, Etot/mec
2 = 1.12 × 1016 cm−3), (B = 6311.3 G, Etot/mec2 = 4.47 × 1015
cm−3), and (B = 11223.3 G, Etot/mec
2 = 2.82× 1015 cm−3), respectively, with p = 2.32 and
γmax = 5.0× 108 fixed for all cases. Also shown in open diamond are data from the RXTE
observation taken on MJD 51705.97, which is roughly one day after the Chandra observation.
The variability of the source is apparent.
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Fig. 4.— Spectral energy distributions of XTE J1550–564 during the 2000 outburst. The
upper-left panel shows the ASM light curve of the outburst, with the rising and decaying
phases marked for subsequent comparison (in Fig. 5). Also shown are the times of the pointed
RXTE observations, from which the SEDs shown were derived. As in Fig. 3, both sets of
extinction-corrected IR/optical fluxes are shown to indicate measurement uncertainties.
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Fig. 5.— As in Fig. 4, but for selected X-ray SEDs. The data are shown separately for the
rising and decaying phases of the outburst (as defined in Fig. 4).
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Fig. 6.— As in Fig. 4, but for the 1998/1999 outburst. For clarity, the ASM light curves
for the two “humps” of the outburst (see Fig. 2) are shown separately, with the rising and
decaying phases marked for each.
– 23 –
Fig. 7.— As in Fig. 5, but for the 1998/1999 outburst. The SEDs are shown for the two
“humps” of the outburst separately.
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Fig. 8.— Radio/X-ray correlation in XTE J1550–564. The radio measurements at 843, 4800,
and 8640 MHz are shown in triangles, circles, and squares, respectively. The dashed, solid,
and dash-dot lines show separately the best-fit power laws to the data taken at 843, 4800,
and 8640 MHz. Note large scatters in the fits.
